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Human papillomavirus type 11 (HPV-11) infection causes genital warts and recurrent respiratory papillomatosis.
While there is compelling evidence that CD4™ T cells play an important role in immune surveillance of HPV-
associated diseases, little is known about human CD4™ T-cell recognition of HPV-11. We have investigated the
CD4™" T-cell responses of 25 unrelated healthy donors to HPV-11 L1 virus-like particles (VLP). CD4" T-cell lines
from 21 of 25 donors were established. Cell sorting experiments carried out on cells from six donors demonstrated
that the response was located in the CD45RA'" CD45RO"™=" memory T-cell population. To determine the peptide
specificity of these responses, epitope selection was analyzed by using 95 15-mer peptides spanning the entire
HPV-11 L1 protein. No single region of L1 was immunodominant; responders recognized between 1 and 10 peptides,
located throughout the protein, and peptide responses fell into clear HLA class II restricted patterns. Panels of L1
peptides specific for skin and genital HPV were used to show that the L1 CD4™" T-cell responses were cross-reactive.
The degree of cross-reactivity was inversely related to the degree of L1 sequence diversity between these viruses.
Finally, responses to HPV-11 L1 peptides were elicited from ex vivo CD45RO* peripheral blood mononuclear cells,
demonstrating that recognition of HPV-11 was a specific memory response and not due to in vitro selection during
tissue culture. This is the first study of CD4" T-cell responses to HPV-11 in healthy subjects and demonstrates
marked cross-reactivity with other skin and genital HPV types. This cross-reactivity may be of significance for

vaccine strategies against HPV-associated clinical diseases.

Human papillomaviruses (HPV) are small double-stranded
DNA viruses and are responsible for pathological conditions
ranging from benign skin warts to invasive cervical carcinomas
(24). More than 95 types of HPV, with considerable sequence
variability, have been described (6). The closely related HPV
type 6 (HPV-6) and HPV-11 are associated with benign genital
warts, the most common sexually transmitted disease (22), and
recurrent respiratory papillomatosis (RRP), a rare but serious
condition characterized by recurrent wart formation within the
aerodigestive tract (12). Although a variety of medical treat-
ments for RRP have been tried, none has been universally
successful, and repeated surgery remains the mainstay of ther-
apy. Thus new treatment options are urgently required (re-
viewed in references 12 and 16). It has been suggested that the

juvenile form of RRP is transmitted from mother to child in
the birth canal and that the adult form may be transmitted
sexually (21). However, since HPV has been detected in the
mouths of healthy school children (5, 31) and yet RRP remains
a rare disease (12), there is a strong suggestion that a host
factor(s) plays a central role in disease pathogenesis. Delinea-
tion of this factor(s) could substantially facilitate the rational
design of new therapies for RRP.

CD4™" T cells are prominent in resolving cutaneous (20) and
genital (9) warts, and patients with acquired CD4™ T-cell de-
ficiency (e.g., immunosuppression) (28, 30, 33) or advanced
human immunodeficiency virus infection (8, 23) often develop
florid cutaneous and genital warts. Thus, a compelling theory
for RRP susceptibility is that some patients develop the disease

TABLE 1. Previously defined CD4" T-cell epitopes

HPV type L1 Epitope location Epitope sequence HLA restriction Reference
6 311-330 KAQGHNNGICWGNQLFVTV Not identified 19
6 411-430 DTYRYVQSQAITCQKPTPEK Not identified 19
16 40-63 PPVPVSKVVSTDEYVARTNIYYHA DRB1%*04 36
16 219-244 TVIQDGDMVHTGFGAMDFTTLQANKS DRB1*04 36
16 279-294 EQMFVRHLFNRAGTVG DRB1*07 36
16 91-106 VSGLQYRVFRIHLPDP DRB1*03 36
16 311-335 NLASSNYFPTPSGSMVTSDAQIFNK Not identified 35
16 311-335 NLASSNYFPTPSGSMVTSDAQIFNK DRB1*11 11
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Tenovus Building, University of Wales College of Medicine, Heath
Park, Cardiff CF14 2XX, Wales, United Kingdom. Phone: 44-29-
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FIG. 1. Sequences of HPV-11 L1, HPV-6 L1, and HPV-11 L1 peptides. The sequences of HPV-11 L1 (accession no. AAC53712), HPV-6 L1 (accession no. CAA25026), and the HPV-11
L1-specific peptides are shown. Open boxes, sequence differences between HPV-11 and HPV-6 L1. Peptides were employed in 19 pools, each containing 5 peptides and labeled by the
N-terminal residue of the first peptide in the pool and the C-terminal residue of the last peptide in the pool. Peptides were designated by their N-terminal amino acids.
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FIG. 2. Analysis of the nature of the L1 proliferative response by
study of RO" and RA™ populations. Fresh PBMC from six responding
donors were sorted into RO™ and RA™ fractions and used in prolif-
eration assays as described in Materials and Methods. Experiments
were conducted on days 6, 7, and 8 in triplicate. Responses three times
the geometric mean of controls (T cells, APC, and media) were taken
to be significant. The maximal geometric mean of the PBMC responses
to HPV-11 L1 VLP at day 6, 7, or 8 is shown. This was determined
independently for the RA™ and RO" fractions. Data are presented as
SIs (mean counts per minute for APC prepulsed with antigen/mean
counts per minute for APC prepulsed with media).

because they make an abnormal CD4* T-cell response to
HPV-6 and/or HPV-11. This hypothesis cannot be directly
tested because little is known about normal human CD4"
T-cell responses to HPV-6 and HPV-11. Information about
HPV-6 recognition from a disease population is available:
Hong and coworkers have examined CD4 " T-cell recognition
of the L1 protein of HPV-6 in patients with anogenital warts
(19). In their study, responses of at least twice background to
L1 in peripheral blood mononuclear cells (PBMC) from 7 of
11 patients and in wart-infiltrating lymphocytes from 5 of 13
patients were seen. Two regions of L1 appeared to be immu-
nodominant (Table 1). More information on CD4" T-cell re-
sponses to HPV-16, which is very strongly implicated in the
pathogenesis of cervical carcinoma, is available (37). Of par-
ticular note are two studies demonstrating CD4™ T-cell pro-
liferative responses to a partial-length HPV-16 L1 fusion pro-
tein in healthy donors and patients with cervical intraepithelial
neoplasia III (11, 35) (see Discussion) and a detailed investi-
gation of CD4™" T-cell responses to a panel of peptides par-
tially spanning HPV-16 L1 in two healthy donors (36). Data
indicating that the pattern of antibody and T-cell responses in
patients clearing cervical HPV infection are different from
those in patients progressing to cervical cancer are also avail-
able (295).

As a first step in testing the hypothesis of an abnormal CD4*
T-cell response in RRP pathogenesis, we examined CD4™" T-
cell responses to HPV-11 L1, the principal virus coat protein,
in 20 HLA class I- and II-typed healthy donors. Responses to
HPV-11, rather than HPV-6, were examined since the former
is associated with a more aggressive phenotype (29, 32). Unlike
previous studies of human CD4" T-cell responses to HPV
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FIG. 3. Responses of HPV-11 VLP-selected short-term lines de-
rived from RO™ and RA* PBMC populations to L1. Fresh PBMC
from six responding donors were sorted into RO* and RA™ fractions
as described in Materials and Methods and stimulated with 10 pg of
HPV-11 VLP/ml. After 7 days, the developing line was restimulated
with irradiated, autologous PBMC prepulsed with HPV-11 L1 and
supplemented at days 8 and 11 with 10% Lymphocult-LT. The line was
maintained for a further week in culture as detailed above. To assess
proliferative responses to HPV-11 L1, the line was recovered and
cultured in complete MEM at a density of 4 X 10* cells/150 ul in
96-well U-bottom tissue culture plates with 10* autologous, irradiated
PBMC prepulsed with media (control) or HPV 11 L1 VLP (5 pg/ml).
After 48 h, the cells were pulsed with tritiated thymidine and harvested
16 h later. Proliferation was measured by liquid scintillation spectros-
copy. Experiments were conducted in triplicate, and data are pre-
sented as SIs (geometric mean of responses to APC prepulsed with
antigen/geometric mean of response to APC prepulsed with media).

antigens, this study used full-length HPV-11 L1 virus-like par-
ticles (VLP) to generate short-term CD4" T-cell lines and a
panel of 95 15-mer HPV-11 L1-specific peptides spanning the
entire L1 molecule to analyze epitope selection. To our knowl-
edge, this is the first study reporting CD4 " T-cell responses to
HPV-11 in healthy individuals and demonstrates cross-reactive
memory responses to a range of skin and genital HPV types in
the majority of subjects tested.

MATERIALS AND METHODS

Donors. Blood was obtained from 25 healthy, unrelated, human immunode-
ficiency virus- and hepatitis B virus-negative adult donors. All donors were HLA
class T and II typed by PCR with sequence-specific primers (4). Only one donor
had a history of previous genital warts (donor 11). The use of volunteers in this
research complied with the policies of the University of Wales College of Med-
icine and Bro Taf Research Ethics Committee.

HPV-11 antigens. HPV-11 L1 VLP were a generous gift from Merck Sharp &
Dohme (West Point, Pa.). The HPV-11 L1 major coat protein was produced by
using a Saccharomyces cerevisiae expression system as previously described (10,
27). A panel of 95 synthetic 15-mer peptides spanning the entire sequence of the
HPV-11 L1 VLP was synthesized by Eurogentec (Seraing, Belguim). The pep-
tides were designed by using the sequence of the HPV-11 L1 VLP (accession no.
AACS53712) and are shown in Fig. 1. Peptides overlapped by a minimum of nine
residues. To facilitate peptide synthesis, glycine and proline residues in the first
two C-terminal positions were avoided, and thus some peptides overlapped by
more than nine residues. Peptide design was not influenced by any prior con-
sideration of published HPV epitopes or known HLA peptide binding motifs.
Peptides were initially employed in 19 pools of five peptides (5 pg of each
peptide/ml). Once responses to peptide pools had been examined, responses to
individual peptides within recognized pools were examined. Panels of 15-mer
peptides representing regions of the L1 antigens of HPV-1 to -4, -6, -16, and -18



VoL. 76, 2002

Week 3
c.p.m.
20000
15000
10000
5000 4
0 Imlaiilinl | lale
‘E"—Q’JO(")NI\ONF}(")NI’\N\—L{)?QQ’NOQJV
B e T MO0 MmO e ®mN O 0o 00 ND N O
U_J_J‘_OOO‘—w—v—v—NNNNmmmm<r<f<rm
S ZLLieesegeeeo e o0 oo e g2
N W T T WY O M OO W N —
M~ O N < I~ O N W I~ O N WD O «— < O
T T v o NN N NN,
Week 4
c.p.m.
20000
15000
10000 4
5000 4
04 pa £ £2 (=3 e [ L] ey g
‘Ev—u?D(")NV\ON(')(")NI\NFIOV?ﬂ'NOOO‘—
6 - & T O O © - M R - MO0 Dm O DN DK O
OS¢ ggogo - NGO OO T D
S 2o eeege2e222282228822eoe2
N D W - T W)W S M~ O M © WO N —
M~ O N & M O N W N O N W O — < O
oy e o NN NN MM Mt
Week 5
c.p.m.
20000
15000
10000
5000
0 ..;.I-r-r...v.
‘E\—LOOL”)NI\ON(')WNY\N‘—LD?VVNOG)‘—
O‘_‘;‘—mgooo‘—-mmm‘—mnocoomrommmr\o
O L <d ggeoT T oo NS OO O ST T O
- T Y = 0 00 0 00 0 C 8 0 Qe 2 o 9 o 9
CesSi e 2282222828228 28ee
N0 N T oy WD s O M MO QO N e D
N O N S M~ O N WM ON D O — g O
T T Y v NN NN N MM M
Second Independent Line
c.p.m.
40000 Week 4
30000
20000
10000
Q
T T O O MO NN~ O N MmO N NN - oY N O W0
o‘;‘_vmwco‘—mmoo‘—mzocoomcommmr\o
I3 & ggog- To o adAA®D0O T F T D
DR ol - R - T B - B DR - - - BN - S - TR - (R - I > ~ =
N D W0 - - W M~ O M~ © W e N~
N~ O N & O N W NN W 0 - T ©
oy v oy N NN NN )

FIG. 4. Development of an HPV-11 L1-specific T-cell line in vitro.
The proliferative responses of a representative T-cell line to HPV-11
L1 (5 pg/ml) and the L1 peptides (5 pg of each individual peptide/ml)
at 3, 4, and 5 weeks of in vitro culture are shown. Results obtained
from a second independent line raised from the same donor at week 4
of in vitro culture are also shown. A short-term T-cell line was estab-
lished and restimulated as described for Fig. 3. The line was main-
tained for a further 3 weeks of culture as detailed above. To assess
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were synthesized as detailed above. A T-cell line specific for the hemagglutinin
(HA) of influenza virus A/Beijing/32/92 was used to test the peptide pools for
nonspecific mitogenic activity. This line was established and assayed as previously
described (15) and was found to mount a strong proliferative response to influ-
enza virus HA but not to proliferate in response to the HPV-11 L1 VLP or any
of the HPV-11 L1 peptide pools (data not shown).

Establishment of CD4™ T-cell lines. PBMC were separated from whole blood
by Ficoll-Hypaque centrifugation. HPV-11 L1 VLP-specific lines were estab-
lished by culturing PBMC at a density of 10° cells/2-ml well in flat-bottom tissue
culture plates (Greiner) with HPV-11 L1 (10 pg/ml) in complete medium (min-
imal essential medium [MEM; Sigma, Pool, Dorset, England], 5% heat-inacti-
vated pooled AB serum, 100 IU of penicillin-streptomycin [Gibco, Life Tech-
nologies, Paisley, Scotland]/ml, 2 mM L-glutamine [Gibco]) at 37°C and 5.8%
CO, for 2 h. Cells were washed twice, and 4 X 10° autologous PBMC were added
to each well. A single batch of MEM and AB serum was used for all experiments.
On day 7, the emerging line was recovered, washed twice, and restimulated with
autologous, irradiated (3,000 rads) PBMC prepulsed for 2 h with HPV-11 L1 (1
pg/ml in complete MEM), and then washed. The restimulated lines were sup-
plemented with 10% (vol/vol) Lymphocult-LT (Biotest Folex, Frankfurt, Ger-
many) at days +1 and +3. Every 7 days, the line was recovered, washed twice,
and restimulated as described above.

Cell sorting. PBMC were isolated as described above, resuspended in 1 ml of
complete medium, and stained at 4°C for 30 min with anti-CD45RA-fluorescein
isothiocyanate and anti-CD45RO-phycoerythrin (both from Becton Dickinson,
San Diego, Calif.) at final concentrations of 10 and 1.25 pg/ml, respectively.
Immunostained PBMC were washed twice with complete medium and resus-
pended at ~2 X 107 cells/ml for cell sorting. Sorting was carried out on a MoFlo
cell sorter (Cytomation, Freiburg, Germany) using standard forward versus side
scatter lymphocyte gates and either CD45RAMe" CD45RO™™ (RA™Y) or
CD45RA®Y CD45RO"e" (RO™) populations. Purities were confirmed on a
FACScan flow cytometer (Becton Dickinson) and were >94%.

Definition of L1 epitopes. At days 14, 21, 28, and 35 the proliferative responses
of the emerging lines to HPV-11 L1 and the HPV-11 L1 peptide pools were
examined. T cells from the lines were washed and cultured (4 X 10* cells/150 1)
in complete medium in 96-well, U-bottom tissue culture plates with 10* autolo-
gous, irradiated (3,000 rads) PBMC prepulsed for 2 h with media (control), HPV
11 L1 VLP (1, 5, and 10 pg/ml), or L1 peptide pools (19 peptide pools each
containing 5 peptides at individual concentrations of 5 pg/ml). At 48 h, the cells
were pulsed with 0.5 pCi of tritiated thymidine (Amersham Pharmacia Biotech
UK Limited, Buckinghamshire, United Kingdom)/well, and harvested 16 h later
with a Tomtec cell harvester (Hamden). Proliferation was measured by liquid
scintillation spectroscopy. Experiments were conducted in triplicate, and a re-
sponse three times the geometric mean of controls (T cells, antigen-presenting
cells [APC], and media) was taken to be significant. Once responses to pools had
been defined, responses to individual peptides (5 pg/ml) within the dominant
pools were examined as detailed above. The cross-reactivities of the short-term
T-cell lines to panels of 15-mer peptides representing HPV-1 to -4, -6, -16, and
-18 were examined as detailed above.

RESULTS

Development of T-cell lines. HPV-11 L1 VLP-specific T-cell
lines were established in 21 of 25, unrelated, healthy adult
donors examined. The CD4™ T-cell content of the developing
T-cell lines increased from 50 to 60% at the end of the first
week of in vitro culture, to 70% at the end of the second week,
to 80% at the end of the third week, to 90% at the end of the
fourth week, and to 95% at the end of the fifth week (data not

proliferative responses to HPV-11 L1 and L1 peptides, a fraction of
the line was recovered at days 21, 28, and 35 and cultured with 10*
autologous, irradiated PBMC prepulsed with media (control), HPV 11
L1 VLP (1, 5, and 10 pg/ml), or L1 peptide pools (five peptides, at an
individual concentration of 5 pg/ml). All other experimental details are
as described for Fig. 3. Data are presented as the geometric means of
three individual data points. Error bars, standard errors. Black bars,
responses more than three times the geometric mean of the control;
grey bars, responses less than three times the geometric mean of the
control.
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FIG. 5. Fine specificity of an HPV-11 L1 specific T-cell line. Proliferative responses of a representative T-cell line to individual HPV-11 L1
peptides (5 wg/ml) within dominant peptide pools are shown (experimental details are as for Fig. 3). Geometric means of three individual data
points are shown. Data are presented as SIs (mean response to APC prepulsed with antigen/mean response to APC prepulsed with media, with
both responses in counts per minute). Error bars, standard errors. Black and grey bars are as defined for Fig. 4.

shown). All four nonresponders were DR7 positive (one was
HLA DRB1*0701 DRB4*01 DQB1*02 positive and three
were HLA DRB1*0701 DRB4*01 null DQB1*0303 positive;
all were heterozygotes).

As >80% of our healthy donors had responded to the
HPV-11 L1 VLP, we were interested to discover if the re-
sponses resided in the memory or naive T-cell populations.
These subsets, at least those within the CD4 " T-cell popula-
tion, can be broadly defined by the expression of CD45RO and
CD45RA, respectively, with additional markers identifying ef-
fector memory or central memory populations (17, 34). Fresh
PBMC from six healthy, responding donors were sorted into
RO™ and RA™ populations and stimulated with HPV-11 L1 in
short-term, 8-day proliferation assays. Results for all six sub-
jects showed that the majority of their HPV-11 L1 response
(range, 88 to 99%) was derived from the RO™ memory T-cell
population (Fig. 2). Only three of six had significant (more
than three times background) L1 proliferative responses from
the naive RA™ lymphocyte fraction (donors 5, 9, and 16), and
all of these responses were <10% of the response recorded
from the RO™ subset. Furthermore, the magnitude of the
response seen in the RA™ lymphocyte fraction was inversely
related to the purity of the cell sort.

To confirm this observation, attempts to establish HPV-11
L1-specific CD4" T-cell lines from RA* and RO™ cell frac-
tions obtained from three of the above donors were made.
Figure 3 shows the proliferative responses to L1 by these lines
after 2 weeks of culture (third in vitro restimulation). Donors
9 and 16 showed significant proliferative responses to HPV-11
L1 only in the lines selected from the RO* PBMC fraction.
Donor 5’s line derived from the RA™ fraction responded to L1
(stimulation index [SI], 4.9); however, this response was
weaker than the response seen in the T-cell line derived from
the same donor’s RO™ cells (SI, 18.8). The lines selected from
the RA™ fractions could not be maintained in culture beyond
week 2.

Response of short-term CD4™ T-cell lines to L1 peptides.

We were interested to determine which regions of L1 were
recognized and therefore analyzed HPV-11 L1 epitope selec-
tion using a panel of 95 15-mer peptides overlapping by 9
residues and spanning the entire sequence of L1. Figure 4
shows the responses of a representative T-cell line at weeks 3,
4, and 5 of in vitro culture and the results from an independent
line derived from the same donor. With time, the background
proliferative responses of the T-cell lines (to autologous irra-
diated APC and media) decline and a stable pattern of
HPV-11 L1 peptide pool recognition emerges. Once the pat-
tern of L1 peptide pool response was established, the recog-
nition of individual peptides within the dominant L1 peptide
pools was examined, and responses could usually be localized
to either individual L1 peptides or pairs of overlapping pep-
tides (Fig. 5).

Figure 6 shows the results from 15 of 21 donors whose cells
responded to HPV-11 L1 VLP and the HPV-11 L1 peptide
pools. The responses of six DRB1*0301- DQB1*02-positive
controls have been reported elsewhere (C. M. Gelder, O. M.
Williams, K. W. Hart, S. Wall, G. Williams, D. Ingrams, P.
Bull, M. Bunce, K. Welsh, S. E. F. Marshall, and L. Bo-
rysiewicz, submitted for publication). Eighteen of the 19 L1
peptide pools were recognized by cells from at least one donor,
the exception being peptide pool 468-501. This pool represents
the C terminus of the L1 VLP. Cells from every donor re-
sponded to at least 1 HPV-11 L1 peptide pool, and cells from
donor 8 recognized 10 L1 peptide pools. The observed patterns
of L1 peptide pool recognition differed between donor cells
with different HLA class II haplotypes, and no single peptide
pool was immunodominant. In contrast, with the exception of
DRB1*04-positive subjects (see below), the observed patterns
of peptide pool recognition were found to be similar when cells
from HLA class II-matched donors were compared. Where
responses were localized to individual peptides within the
dominant pools, the donor cells recognized identical peptides
or pairs of overlapping peptides. Furthermore, the majority of
recognized peptides contained HLA class II peptide binding
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FIG. 6. Response of HPV-11 L1-specific T-cell lines from 15 unrelated healthy adult donors to HPV-11 L1 VLPs and L1 peptides. T-cell lines
were established and proliferative responses to HPV-11 L1 and L1 peptide pools were examined as detailed for Fig. 3. Experiments were conducted
in triplicate, geometric means of three individual data points are shown, and responses three times the geometric mean of controls (T cells, APC,
and media) were taken to be significant. Error bars, standard errors. Grey and black bars are as defined for Fig. 4. Donor HLA class I types were
as follows: donor 1, A*0301/2, *2301, B*0702/4/5, *4402-5, Bw4,6, Cw*0401-3; donor 2, A*2402-5/7, *2901/2, B*2701-9, *4402-6 Bw4, Cw*0202,
*1601; donor 3, HLA-A*0301/2, *6801/2 B*0702/5, *4701, Bw4,6 Cw*0602, *0702/3; donor 4, A*0201-17, B*4006-8, *2701-9, Bw4, Cw*0202, *0501;
donor 5, A*0101, *0201-17, B*0702-5, *4402-5 Bw4,6, Cw*0602 *0702/3; donor 6, A*2402-5/7, B*3906, *2701-9, Bw4,6, Cw*0202, *0702-3; donor
7, A*3101/2, B*1501/5-7/12/14/19/20, *4001/7 Bw6, Cw*0303,*0701; donor 8, A*0101/2, *0201-17, B*1801-2, Bw6; donor 9, A*03, B*0702/4/7,
#3701, Bw4,6, Cw*0602, *0702; donor 10, A*0201-17, *6801/2, B*3501-9, *5101-5, Bw4,6, Cw*0103, *1501-5; donor 11, A*0301-2, B*40011,
*4402-5, Bw4,6, Cw*0304, *0501; donor 12, A*0301/2, B*4001, *5701-3, Bw4,6 Cw*0701,*0304; donor 13, A*0201-17, B*5701, *5801, Bw4,
Cw*0602, *0701; donor 14, A*0101/2, *0201-17, B*0702/4, *4402-4/6, Bw6, Cw*0702/3, *1502-5.
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TABLE 2. CD4" T-cell epitopes defined in this study”
. Individual
HLA Poo.l Responding peptide Sequence Motif
recognized donors [P
specificity
DRB1%0101  412-450 8,9 p412 DTYRYVQSQAI TCQK DRB1*0101
DRB1%0401 54-87 2,6,12,13, 14 p68 RVEKVVLPDPNKFAL DRB1*0401/DRB4
DRB1*0401  204-237 1,2,6,8, 11, 12,13, 14  p204 AMNEADLQTNKSDVP DRB1*0401/DRB4
DRB1%0401 273-305 5,6, 11,13 p286 SI YVHTPSGSLVSSE DRB1*0401/DRB4
DRB1*0701  25-62 1,2,3,4,5 p30 TNI FYHASSSRLLAYV DRB1*0701
DRB1*0701 175-212  1,3,4,5 p186 ELI TSVI QDGDMVDT No motif
DRB1*0701  273-305 1,3,4,5 p286 SI YVHTPSGSLVSSE DRB1*0701
DRB1*0701 356-394  1,2,4,5 p380 SAEVMAYI HTMNPSV DRB1*0701
DRB1*0701  412-450 1,2,3,4,5 p412 DTYRYVQSQAI TCQK DRB1*0701
DRB1*1302  227-262 11,12, 1 p237,p243 DPYGDRLFFYLRKEOQMFA R HFDRBI1*1302
DQOB1*02 356-394  1,2,4,5 p356 YKEYMRHVEEFDLOQF DQOB1%02
DQOB1#0301  227-262 11, 12,13, 15 p237 DPYGDRLFFEFEYLRKERQ DQB1%0301
DQB1#0602  297-334 9, 10, 14 p303 FNKPYWL QKAQGHNN DQB1*0602

¢ Binding motifs are listed in reference (26). Proposed anchor residues within a peptide sequence are in boldface, and the section of each peptide thought to occupy
the HLA class II binding groove is underlined. P30 potentially fits into the proposed DRB1*0701 binding motif in three orientations (residues 3 to 5 of this peptide
all match the P1 specificity, and residues 7 and 8 match the p6 binding specificity). For overlapping peptides p237 and p243, which were both recognized the

nonoverlapping residues are double underlined.

motifs listed in The HLA Facts Book (26) (Table 2). It was also
striking that there was considerable variation in the number of
responses associated with individual HLA class II haplotypes.
For example, cells from subjects 1 to 5, who share the
DRB1*07 DQB1*02 haplotype, all recognized pools 25 to 62,
and cells from four out of five recognized pools 175-212, 273-
305, 386-422, and 412-450. When the responses to individual
peptides were analyzed, cells from the majority of these donors
focused on peptides p25, p186, p380/p386, and p412, all of
which contain a recognized DRB1#0701 peptide binding motif
(Table 2) (26). In contrast, cells from donors 9 and 10, who
share the DRB1*15 DQB1*06 haplotype (along with donors 5
and 14), focused on a single peptide pool (297-334). Within the
pool, they recognized the p304 peptide, which contains an
identifiable DRB1*0602 binding motif (26).

Even though the repertoire of VLP peptide pool responses
associated with HLA DRB1%*0401 was less rigid than that ob-
served for HLA DRB1*0701, cells from five of nine
DRB1*0401-positive donors recognized peptide pool 204-237
and those from five of nine recognized pool 273-305. Within
these pools, responses focused on peptides p204 and p286,
which contain identifiable DRB1*0401 binding motifs (Table
2). Identifiable patterns of L1 peptide recognition were also
observed for DRBI1*1302, DQB1*02, DQB1*0301, and
DQB1*0602. Once again, appropriate peptide motifs could be
identified within selected peptides (Table 2). No correspond-
ing patterns of L1 peptide recognition were seen for donors
sharing HLA class I alleles unless they also shared HLA class
II alleles.

Cross-reactivity of HPV-11 Ll-selected CD4* T cells. To
discover whether these HPV-11 L1 CD4" T-cell responses
were cross-reactive with common skin and genital HPV types,
we aligned the amino acid sequences of six frequently recog-
nized HPV-11 L1 peptides (p30, p139, p186, p243, p304, and
p412) with the corresponding regions of four skin HPVs
(HPV-1 to -4) and three genital HPVs (HPV-6, -16, and -18)
(Table 3). The responses of six HPV-11 L1-specific lines were
then tested against panels of peptides representing these re-
gions in the individual HPV types listed above (Fig. 7). As the

sequences of HPV-11 and HPV-6 differ in only one of six
regions (residues 243 to 258), only a single HPV-6 peptide was
synthesized. All the lines recognized at least one peptide rep-
resenting a skin or genital HPV, indicating that the lines were
cross-reactive. Interestingly, the strength of the cross-reactive,
proliferative response was inversely related to the number of
amino acid differences between the variant and HPV-11 pep-
tides contained within the defined putative HLA binding mo-
tifs (Table 3). Thus, cells from donors 1, 3, and 5, who are
DRB1*0701 positive, all proliferated in response to HPV-11
L1 p412 and cells from donors 1 and 3 also recognized the
HPV-2 equivalent of this peptide. Comparison between
HPV-11 and HPV-2 sequences showed only one conservative
amino acid difference within the region of this peptide believed
to interact with HLA/T-cell receptor (V to L at residue 418),
while there are between two and six amino acid differences
between HPV-11 and other HPV types. Similarly, cells from all
three donors recognized HPV-11 p30 and the HPV-1 equiva-
lent of this peptide, though the magnitudes of their individual
responses varied considerably. There are two conservative sub-
stitutions between HPV-11 and HPV-1 in this region (I to L at
residue 32 and S to T at residue 37), while all the other HPV
types contain nonconservative substitutions (S to G at residue
37 and F to Y at residue 33 in all except HPV-18). Cells from
donors 5 and 9, who are DQB1*0602 positive, responded to
HPV-11 L1 p304, and this response was again cross-reactive,
the strongest response being that to HPV-16. Only a single
conservative residue substitution was found in this region when
HPV-11 and HPV-16 were compared (K to R at residue 312).
Cells from donor 11, who is DRB1*1302 positive, recognized
HPV-11 p243, and this response was cross-reactive with the
strongest response being that to HPV-16. Once more, there is
only a single conservative residue substitution between
HPV-11 and HPV-16 in this region (K to R at residue 249).
Finally, cells from donor 17, who is DRB1#0301 positive, re-
sponded to pl139, and this response was cross-reactive with
HPV-2, HPV-16, and HPV-18. HPV-11 has two conservative
amino acid substitutions compared to the other HPV types in
this region (HPV-2 and HPV-16: V to I at residue 144 and G
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TABLE 3. Sequence differences between HPV-11 and
representative skin (HPV-1 to -4) and genital (HPV-6, -16, and -18)
HPV types”

Peptide HPV type Sequence
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“The region of each peptide believed to lie within the HLA class II peptide
binding groove is in boldface. GenBank accession numbers for the sequences of
individual HPV types are as follows: HPV-11, NC_001525; HPV-6b, NC_001355;
HPV-1, NC_001356; HPV-2, NC_001352; HPV-3, NC_001588; HPV-4, X70827;
HPV-16, AF125673; HPV-18, NC_001357.

to S at residue 145; HPV-18: G to S at residue 145 and M to V
at residue 146).

To confirm that cross-reactivity was not simply due to in
vitro selection during tissue culture, the ex vivo responses of
RA™ and RO™ populations of PBMC from six donors to the
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variant HPV peptides were examined in 8-day proliferation
assays (Fig. 8). Responses were seen in the RO ™ fractions from
five donors, and cells from all five recognized the appropriate
HPV-11 L1 peptide(s) and their skin and genital HPV equiv-
alents. This demonstrates that both the HPV-11 peptide re-
sponse and the reactivity to skin and genital HPV were present
in the peripheral blood memory T-cell pool.

Interestingly donors 6 and 15 had different patterns of re-
activity to L1 and the L1 peptide variants in their CD45RA™
and CD45RO™" PBMC fractions.

DISCUSSION

In this study, we examined the repertoire of CD4" T-cell
responses to HPV-11 L1 antigen using a panel of 25 healthy,
adult donors. CD4 ™" T-cell lines that recognized between 1 and
10 HPV-11 peptides, representing epitopes that were distrib-
uted throughout the HPV-11 L1 molecule, from 21 donors
could be established. The exception was the pool covering the
extreme C-terminal tail of L1, previously reported to be prone
to degradation (7, 38). Cells from donors sharing HLA class II
haplotypes displayed remarkably similar patterns of L1 peptide
selection. Indeed this similarity was comparable to that previ-
ously observed with HA from influenza A virus, a considerably
more immunogenic virus (13, 15).

Although HPV infection rates of up to 50% have been
reported in some studies of young sexually active adults (2, 3),
it was particularly striking that we were able to establish
HPV-11 Ll-specific CD4" T-cell lines in >80% of donors.
This figure is similar to that obtained by Hong and coworkers
in a disease population (19) and considerably in excess of the
12% rate of positive immunoglobulin G responsiveness to
HPV-11 VLP previously reported in a healthy control popu-
lation (18). Cell sorting experiments revealed that most (88 to
99%) of the responses were made by RO™* memory T cells (17,
34). This population may, in fact, represent all of the respond-
ing cells as cell sorting resulted in 94 to 99% purity (data not
shown). Therefore, any responses from the RA™ population
may have been derived from contaminating RO™ cells.

Because one possible explanation for this finding was that
the observed CD4™ T-cell responses in our study were due to
cross-reactivity with other HPV types (particularly skin HPV),
we aligned the amino acid sequences of HPV types commonly
infecting the skin (HPV-1 to -4) and genital tract (HPV-6, -16,
and -18) and compared them to the sequences of the HPV-11
L1 peptides recognized in this study. The great majority of
recognized peptides represented regions of HPV-11 L1 that
were identical to those of HPV-6 L1. However, there were
between 1 and 10 amino acid differences between HPV-11 and
the other HPV types in these regions. Using panels of peptides
representing the corresponding regions of these other HPV
types, we examined the cross-reactivities of six L1 T-cell lines.
Every line proliferated in response to at least one peptide
representing a skin or genital HPV type. The strength of the
cross-reactive, proliferative response was inversely related to
the number of amino acid differences between the variant
peptides and HPV-11. By examining the proliferative re-
sponses of RA™ and RO* PBMC fractions, we demonstrated
that the response to HPV-11 L1 peptides are present in the ex
vivo cell population and not simply due to in vitro selection by
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FIG. 7. Cross-reactivity of short-term HPV-11 L1-selected T-cell lines to a panel of peptides representing immunodominant regions of common
skin and genital HPV types. Shown are the responses of T-cell lines selected from six donors to a panel of peptides representing the equivalent
regions of the immunodominant HPV-11 L1 peptides from common skin HPV (HPV-1 to -4) and genital HPV (HPV-6, -16, and -18).
Experimental details are as for Fig. 3. Experiments were conducted in triplicate, geometric means of three individual data points are shown, and
responses three times the geometric mean of controls (Cont) (T cells, APC, and media) were taken to be significant. Error bars, standard errors.

Grey and black bars are as defined for Fig. 4.

the highly immunogenic HPV-11 VLP during tissue culture.
Thus, the most likely explanation for the high degree of CD4™
reactivity to HPV-11 L1 (>80% donors) seen in this study is
that there is cross-reactivity between the CD4" T-cell re-
sponses to common skin and genital HPV and the response to
HPV-11. Though this is the first demonstration of cross-reac-

tivity in the human CD4" T-cell response to HPV, cross-
reactive T-cell responses in the presence of strain-specific an-
tibody responses are a feature of other human viral infections,
most notably influenza virus infection (15). As CD4" T cells
are prominent in resolving cutaneous (20) and genital warts
(9), the question of whether T-cell responses selected by one



VoL. 76, 2002 HUMAN CD4* T-CELL RECOGNITION OF HPV-11 L1 VLP 7427

cpm. Donor-5

DRB1*07, *1501-2, DRB4*0101/2/3, DRB5*01/02/03, ERA
100000 DQB'I'OZ, *06
HRO

80000

60000

40000

20000 4

1 T 2 5§ Y §E § T E &g % E %
o g Q @ q ; Q 2 fog
cpm. Donor-6
o000 DRB1*0401 *0404, DRB4*0101/2/3, RA
! DQB1*0302/5/8 ERO

8000

6000

4000

2000

S T z z
g 4
Donor-9 |
e DRB1°0101, *1501-5, DRB5*01/02 RA
10000 DQB1*05, *0602 2RO

8000

6000

4000

2000

.
z
Q
o

304-11
304-SKIN
304-GEN

c.p.m. Donor-11 RA
DRB1#0401, *1302 DRB3*0301, DRB4*0101/2/3
10000 DQB1*0301, *0604-8 mRO

8000

8000 1

4000

2000

CONT
24311
2436
243-SKIN
243-GEN

c.p.m. Donor 15
DRE1*1201,*1325 DRB3*0102 *0206 RA
12000 DQB1*0301/9 MRO

10000
8000
6000
4000

2000

5 iz 5 3 : &
=} @ @ @ * @
g b4
c.pm. Donor 16
DRB1*0101, *0301, DRB3*0101 BERA
12000 DQB1*02, *05 BRO
10000 4
8000 4
6000
4000
2000 4
o FEEE
- - - z .
z 3 ¥ z z
3 & 4 3
g 3

FIG. 8. Exvivo responses to HPV peptides by RO* and RA* PBMC. Fresh PBMC from six responding donors were sorted into RO™ and RA™
fractions. The proliferative responses of these cells to immunodominant HPV-11 L1 peptides and the equivalent regions of common skin and
genital HPV at days 6, 7, and 8 were examined in triplicate. All peptides were used at a final concentration of 5 wg/ml. The HPV-11 peptides (and
HPV-6 variant of p243) were employed individually, and the skin and genital HPV were pooled (the skin pool [SKIN] contains HPV-1 to -4; the
genital pool [GEN] contains HPV-16 and -18). Responses three times the geometric mean of controls (CONT) (T cells, APC, and media) were
taken to be significant. The maximal geometric means of the PBMC responses to HPV L1 peptides at day 6, 7, or 8 are shown. These was
determined independently for the RA* and RO™ fractions. Error bars, standard errors.

HPV type might modulate the immune response to a second
HPYV type arises. Even a weak response early in the course of
infection might alter the resulting viral load and the subse-
quent disease process. This is a complex issue to test experi-
mentally due to the paucity of suitable animal models of HPV

infection. In addition more information about the cytokine
response by HPV-11 T-cell lines in response to variant HPV
peptides is required, and this is the subject of ongoing re-
search. However the data presented here raise the intriguing
possibility that one might be able to boost CD4* T-cell re-
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sponses to a broad range of HPV types by using a univalent
HPYV vaccine, considerably simplifying vaccination strategies.

Of 25 subjects, cells from only 4 did not respond to HPV-11
L1, and these were all DRB1*0701 positive. Responses to
HPV-11 L1 and the L1 peptides in five other DRB1*0701
positive donors were seen, and peptides recognized by cells
from these donors contained a DRB1*0701 peptide binding
motif. HLA-DRB1#0701 has not been reported to increase the
likelihood of developing genital warts or RRP. Clearly the fact
that all four nonresponders were DRB1*0701 positive might
be a chance observation and might relate to differences in
history of exposure to HPV. However, DRB1#0701 is associ-
ated with nonresponsiveness to two other highly purified pro-
tein vaccines: hepatitis B and influenza vaccines (1, 14). It is
conceivable that the nonresponders and responders may have
differences in antigen processing due to polymorphism in a
gene linked to the HLA DRB1*0701. Alternatively, nonre-
sponders may have a deficit in their T-cell receptor repertoire.
This is currently the subject of further investigation.

We were interested in comparing the peptides selected in
this study to previously published HPV epitopes. Table 1 sum-
marizes previously published CD4" T-cell epitopes from
HPV-6 and -16 and B-cell epitopes from HPV-11. Hong and
coworkers, while investigating T-cell proliferative responses of
wart-infiltrating lymphocytes in patients with genital warts to a
panel of peptides spanning HPV-6 L1, reported that two pep-
tides representing residues 311 to 330 and 411 to 430 of HPV-6
induced proliferation in 4 of 13 donors (19). The L1 proteins of
HPV-6 and -11 have similar amino acid sequences (Fig. 1). In
the present study, responses to L1 localized to residues 304 to
318 in DRB1*1501-positive donors and to residues 412 to 426
in donors positive for DRB1*0101 and DRB1*0701. Both re-
gions are conserved between HPV-6 and HPV-11. Interest-
ingly, two of the donors in the study by Hong and coworkers
whose cells recognized residues 311 to 330 were also DRB1#15
positive and another two donors whose cells recognized resi-
dues 411 to 430 were DRB1*01 positive. Shepherd and co-
workers used an incomplete panel of peptides spanning a par-
tial-length HPV 16 L1 fusion protein in healthy donors and
patients with cervical intraepithelial neoplasia III to define an
immunodominant region between residues 311 and 335 (equiv-
alent to residues 282 to 306 in HPV-11) (35). This region was
recognized by cells from 73% of patients and 18% of controls.
In our study cells from 8 of 20 (40%) donors responded to the
equivalent region in HPV-11 L1, which has nine amino acid
substitutions between HPV-11 and HPV-16. Finally, Strang
and coworkers examined CD4™ T-cell responses of two healthy
donors to eight synthetic peptides partially spanning HPV-16
L1 (36). They identified two DR4-restricted epitopes at resi-
dues 40 to 63 and 219 to 244 (equivalent to HPV-11 residues
12 to 36 and 190 to 215), one DR7-restricted epitope at resi-
dues 279 to 294 (equivalent to HPV-11 residues 250 to 65), and
one epitope at residues 91 to 106 (equivalent to HPV-11 res-
idues 62 to 77) that may have been DR3 restricted. Only the
response to residues 219 to 244 (equivalent to residues 190 to
215 in HPV-11) was reflected in the pattern of peptide recog-
nition seen in this study.

In conclusion, we have examined the repertoire of CD4*
T-cell responses to HPV-11 L1 antigen using a panel of 25
healthy adult donors. Short-term CD4" T-cell lines could be

J. VIROL.

established in >80% of the donors. A remarkably similar pat-
tern of L1 epitope selection was seen in HLA class II-matched
donors. The response resided in the RO™ memory fraction and
appears to be principally due to cross-reactivity with skin
and/or other genital HPV types. The effectiveness of these
responses in controlling HPV infection and their potential
bearing on vaccination strategies are important areas for fur-
ther study.
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